The organization of electron transport in photosystem II of spinach (Spinacia oleracea) chloroplasts was studied by means of various chelators and uncouplers. The partial reactions used induded H20-+methyl viologen, H20--silicomolybdic acid H20--ferricyanide, and H20--dimethylbenzoquinone. Three types of chelator inhibition were found (a) inhibition common to al pathways and presumably affecting the Mn or water oxidation site in photosystem II (salicylaldoxime, dithizone, acridine, 4,4,4-trifluoro-1-(2-thienyl)-1,1-butanedione, 4,4,4-trifluoro-O-(2-furyl)-1,3-butanedione; (b) Grewe (19) found that the incorporation of a single nitrogen atom into an aromatic azaphenanthrene ring system led to inhibition of electron transport activity whereas an aromatic two ring system proved to be inactive. The effectiveness of 1,10-diazaphenanthrene as an inhibitor of electron transport in photosystem II was due to its chemical properties, as well as to its rigidity and planarity of the aromatic system. The action of OP as a chelator of nonheme iron proteins in bacterial systems has been studied by Jackson et al. (11) and in mitochondria by Harmon and Crane (9). A preliminary study by Barr and Crane (4) using metal chelators on several partial PS I and PS II reactions tentatively found three chelator inhibition sites in PS II. This is a continuation of PS II chelator inhibition studies using a more diverse group of chelators and uncouplers than before. Again, we find three groups of chelators with different sites of action: (a) those which affect every partial PS II reaction and are presumably acting on the Mn site before P680; (b) those which show stronger inhibition in the water-1*silicomolybdate reaction before the DCMU block and which, therefore, act before or at Q, the primary electron acceptor for PS II; and (c) those which act after the DCMU block but before the DBMIB inhibition site and presumably inhibit at the PS II phosphorylation site. Since group b consisted of many copper chelators, the implication is that there is a Cu protein in PS II, located in the water--silicomolybdate pathway.
The effect of various chelators on photosynthetic electron transport goes back to Warburg and Luttgens (19) in 1946 and to Macdowall (17) who in 1949 used orthophenanthroline and 8-hydroxyquinoline to inhibit the Hill reaction. Satoh (23) compared the inhibition pattern of many OP2 derivatives, including BP. Oettmeier and Grewe (19) found that the incorporation of a single nitrogen atom into an aromatic azaphenanthrene ring system led to inhibition of electron transport activity whereas an aromatic two ring system proved to be inactive. The effectiveness of 1,10-diazaphenanthrene as an inhibitor of electron transport in photosystem II was due to its chemical properties, as well as to its rigidity and planarity of the aromatic system. The action of OP as a chelator of nonheme iron proteins in bacterial systems has been studied by Jackson et al. (11) and in mitochondria by Harmon and Crane (9) . Salicylaldoxime, a copper chelator, was usel in chloroplasts by Trebst (24) and Katoh and San Pietro (14) . It proved to be ineffective as a Cu chelator of plastocyanin in photosystem I but inhibited a site in photosystem 11 (22) .
Chelator inhibition of ATPase activity has recently been investigated by Phelps and Crane (21) in mitochondria, Crane et al. (7) in Escherichia coli, and Bering et al. (6) in spinach chloroplasts.
A preliminary study by Barr and Crane (4) using metal chelators on several partial PS I and PS II reactions tentatively found three chelator inhibition sites in PS II. This is a continuation of PS II chelator inhibition studies using a more diverse group of chelators and uncouplers than before. Again, we find three groups of chelators with different sites of action: (a) those which affect every partial PS II reaction and are presumably acting on the Mn site before P680; (b) those which show stronger inhibition in the water-1*silicomolybdate reaction before the DCMU block and which, therefore, act before or at Q, the primary electron acceptor for PS II; and (c) those which act after the DCMU block but before the DBMIB inhibition site and presumably inhibit at the PS II phosphorylation site. Since group b consisted of many copper chelators, the implication is that there is a Cu protein in PS II, located in the water--silicomolybdate pathway.
MATERIALS AND METHODS
Chloroplasts were isolated from market spinach (Spinacia oleracea) in sucrose-NaCl medium (0.4 M sucrose with 0.05 M NaCl) by the method of Jagendorf and Avron (12) . Chlorophyll was determined according to Arnon (2) .
Oxygen evolution by PS II of spinach chloroplasts was monitored with a Clark-type electrode in saturating white light at 25 C. Individual reaction mixtures are given in figure legends. The water cobaltinitrite reaction was done as described by Barr et For testing chelator inhibition near the water oxidation step of photosynthesis, the water-*silicomolybdate reaction which accepts electrons from Q before the DCMU block, proved to be valuable. It was found ( Fig. 2 ) that this reaction in presence of DCMU was particularly sensitive to BC but not to OP or BP. TTFA, acridine, and FTFA were also good inhibitors but they required higher concentrations. Dithizone and salicylaldoxime, being more hydrophilic, proved less effective. Complete inhibition of the water silicomolybdate pathway was given by the lipophilic chelator, tertoctylcatechol, with concentrations double or higher than those indicated in Table I. It is known that without DCMU silicomolybdic acid accepts electrons further down the electron transport chain. If the water-*silicomolybdate reaction is run in presence of DBMIB to stop PS I reactions, a different chelator inhibition pattern is noted (Fig. 3) . OP, BP, and BC in low concentrations stimulate this reaction. Best inhibitors of this reaction were acridine, TTFA, and FTFA. Salicylaldoxime or dithizone showed only slight inhibition as before.
Since the reduction of ferricyanide by PS II is completely sensitive to DCMU, ferricyanide must accept electrons after the DCMU block. This portion of the electron transport chain was found to be inhibited by low concentrations of OP and BC. The most distinguished feature of this reaction was its stimulation by BP in freshly made chloroplasts (Fig. 4) . A 2-fold increase of the rate was commonly encountered during the 1st hr. Thereafter the stimulation by BP decreased. The effect of other chelators on ferricyanide reduction was similar to those observed in the silicomolybdate pathway.
Another PS II acceptor which accepts electrons just before DBMIB, the presumed plastoquinone antagonist, is dimethylbenzoquinone. The reduction of this quinone was most strongly inhibited by OP, BC, and BP (Fig. 5) . This portion of the electron transport chain was again inhibited by acridine, TTFA, and FTFA in moderately high concentrations like all the other PS II partial reactions. Likewise, it was hardly affected by salicylaldoxime or dithizone.
DISCUSSION
The rationale behind using chelators as tools in investigations of photosynthetic electron transport lies in finding inhibition sites which reflect the presence of some metal, such as iron, copper, or manganese, presumably in conjunction with a protein. Thus in mitochondria, it is well established that several nonheme iron sites are a part of the electron transport chain (10) and that they can be correlated to chelator inhibition sites (9) . The same is true for electron transport in photosynthetic bacteria (I 1) and E. coli (7) . In bacterial systems, OP blocks electron transport from primary to secondary acceptors because it causes changes in the midpoint potential of the primary acceptor (11 is monobasic and forms a monohydrochloride and a mono-Noxide. Thus, although in this study OP strongly inhibited the H20-I+methyl viologen pathway (Fig. 1) , the H20-.dimethylbenzoquinone pathway (Fig. 5) , and ferricyanide reduction by PS II (Fig. 4) , it does not necessarily implicate the presence of a nonheme iron protein at its inhibition site. On the other hand, the strong BP inhibition noted in the water-+methyl viologen ( Fig. 1 ) and in the water dimethylbenzoquinone pathway (Fig.  5 ) may reflect the presence of nonheme iron proteins at phosphorylation sites in PS I and II. Evidence for the presence of a nonheme iron protein between plastoquinone and Cyt f by ESR studies has recently been provided by Malkin and Aparicio (18) .
The most interesting and unexpected chelator inhibition site in PS II has been provided by studies of the water-+silicomolybdate pathway which is mostly DCMU-insensitive suggesting that silicomolybdic acid is able to accept electrons from Q, the primary electron acceptor in PS II. Silicomolybdate reduction was found to be sensitive to chelators, especially those of lipophilic nature, such as BC (Fig. 2) and tertoctylcatechol (Table I) . Salicylaldoxime, found by Katoh and San Pietro (14) to give complete inhibition of the Hill reaction with DPIP, was not a very effective chelator in this study. Postulations about its site of action in PS II vary. Renger et al. (22) came to the conclusion that salicylaldoxime inhibited a plastocyanin-independent step in the complete electron transport chain or in isolated PS II particles. Katoh (13) , Kimimura and Katoh (16) OP type of inhibition which varies from strong with acridine to weak with dithizone and salicylaldoxime is found in all of the partial electron transport reactions tested in this study. This means that these chelators and uncouplers are able to disturb the Mn or the water oxidation site in PS II.
The presence of a Cu2+ ion in the silicomolybdic acid pathway in chloroplasts would not be inconsistent with the data by previous workers. Park and Pon (20) found 3 Cu atoms per Mn in the nonlipid portion of their lamellar unit. Anderson et al. (1) found nearly equal amounts of Cu in PS I and PS II particles isolated by digitonin fractionation of chloroplasts. Renger et al. (22) were forced to conclude from studies of salicylaldoxime inhibition in whole chloroplasts compared to an isolated PS II cycle that the action of this compound was the same in either case. This meant that salicylaldoxime inhibited a plastocyaninindependent step in PS II. Katoh and San Pietro (14) also obtained complete inhibition of the Hill reaction with DPIP using 10 mm salicylaldoxime. In this study we found that tertoctylcatechol and BC gave better inhibition of the proposed Cu2+ site in PS II than salicylaldoxime (Table I) .
Extreme sensitivity of the water->silicomolybdate pathway to inhibition by ethanol and other alcohols has been found in this study. This sensitivity may have to do with the generation of an ethanol cation radical under conditions not well understood at present, as was found by Harbour and Tollin (8) at low temperatures when Chl sensitized the production of a quinone anion radical and an ethanol cation radical in a one-electron transfer from water.
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